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ABSTRACT: Tin halide perovskites and perovskite-related materials have emerged as promising lead-free hybrid materials
for various optoelectronic applications. While remarkable progress has been achieved in the development of organic tin
halide hybrids with diverse structures and controlled dimensionalities at the molecular level, some controversial results have
been reported recently that need to be addressed. For instance, different photophysical properties have been reported for
two-dimensional (2D) (PEA)2SnBr4 (PEA = Phenylethylammonium) by several groups with distinct emission peaks at around
468 and 550 nm. Here we report our efforts on the synthesis of phenylethylammonium tin bromide hybrids with 0D (zero-
dimensional) and 2D structures, and characterizations of their structural and photophysical properties. 0D
[(PEA)4SnBrs][(PEA)Br]2[CClzHz2]2 was found to exhibit strong yellow emission peaked at 566 nm with a photoluminescence
quantum efficiency (PLQE) of ~ 90 %, while 2D (PEA)2SnBr4+ had weak emission peaked at 470 nm with a PLQE of < 0.1%.
Interestingly, 0D [(PEA)4SnBrs][(PEA)Br]2[CCl2H2]2 can be converted into 2D (PEA)2SnBr4 upon drying, which would return
to 0D [(PEA)4SnBrs][(PEA)Br]2[CCl2Hz]2 upon the addition of dichloromethane. Powder X-Ray diffraction results confirmed
the reversible transformation between 0D and 2D structures. DFT calculations showed that excitons in 0D
[(PEA)4SnBrs][(PEA)Br]2[CCl2Hz2]2 are highly localized, resulting in a highly Stokes shifted broadband emission; while
delocalized electronic states in 2D (PEA)2SnBrs result in a weaker exciton binding, a higher exciton mobility, and a higher
nonradiative decay.

Lead-free metal halide perovskites and hybrids have
received increasing interests in recent years for various
optoelectronic applications, ranging from solar cells, 15 to
light-emitting diodes (LEDs)é12 and sensors.13-16 Tin based
perovskites and hybrids are of particular interest, considering
their low toxicity, tunability of optoelectronic properties7-20
and synthetic control of structure dimensionalities.10.11, 21-27 [n
this regard, highly efficient solar cell based on ASnlz (A =
CHsNHs, CH(NHz) and Cs) perovskites have been
demonstrated, 1.4 28-31 which however exhibit poor stability due
to the easy oxidation of Sn(II), hindering their practical
exploitation.28-30. 32 Low-dimensional tin halide hybrids have
shown higher stability than 3D tin halide perovskites due to

better protection of photoactive tin halide species by organic
cations.12 21, 22, 24,26

Recently, remarkable progress has been achieved on the
development and application of low dimensional organic tin
halide hybrids. For instance, our group has investigated 0D and
1D organic tin halide hybrids with distinct photophysical

properties, and the use of 0D tin halide hybrids as down
conversion phosphor for optically pumped white LEDs.2% 22
Kovalenko and coworkers have demonstrated the use of 0D tin
halide hybrids for scintillation, thermometry, and
thermography.13. 15 More recently, 2D organic tin halide
hybrids have been reported by several groups, in which
different organic cations were used for the synthesis, including
phenylethylammonium(PEA),23 24 oleyammonium?¢é and
octylammonium.33 Interestingly, controversial results have
appeared in these reports. On the one hand, several groups
have shown strong yellow/orange emissions from 2D tin halide
hybrids,26. 33 eg. 2D AzSnBrs (A = oleyammonium,
octylammonium) reported by Rogach’ s and Deng’ s groups,
which are indeed very similar to the emissions of previously
reported OD tin halide hybrids.6 12 21 22 On the other hand,
distinct emissions peaked at 468 and 550 nm with low PLQEs
were observed for 2D tin halide hybrids, as reported by Haque
> s and Chou’ s groups.23 24 It is noticed that all these tin
bromide hybrids have the same absorption at around 440 nm.
Questions have therefore arisen, i) what emissions 2D tin



halide hybrids should have, and ii) is it possible that those
strong yellow/orange emissions are indeed from 0D not 2D. To
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Figure 1. Views of single crystal structures of 0D [(PEA)4SnBre][(PEA)Br]2[CClzHz]2 (a) and 2D (PEA)2SnBra4 (b) (Sn red, Br orange,
Cl green, N blue, C gray; hydrogen atoms were hidden for clarity). (c) PXRD patterns of 0D (bottom) and 2D (up) and the

corresponding simulated peaks from single crystal structures.

answer these questions, a convincible approach needs to be
developed to reveal the origins of the emissions of these 2D
organic tin bromide hybrids. Making high quality single
crystals and investigating their photophysical properties in
different environments could be a reliable way to address this
controversy.

Here we report the synthesis and characterization of single
crystalline 0D and 2D phenylethylammonium tin halide
hybrids, [(PEA)4SnBre][(PEA)Br]2[CClzHz]2 and (PEA)2SnBra.
By synthetically controlling the reaction conditions, single
crystals could be prepared for both 0D and 2D organic tin
bromide hybrids, with high yield and excellent reproducibility.
It was found that OD [(PEA)4SnBrs][(PEA)Br]z[CCl2Hz]2
exhibited strong yellow emission with a high PLQE of ~ 90%,
and 2D (PEA)2SnBrs had little-to-no emission. Moreover, the
emissive 0D [(PEA)4SnBrs][(PEA)Br]2[CClzHz2]2 could be
converted into 2D (PEA)2SnBrs upon drying, and the
transformation could be reversed in the presence of
dichloromethane (DCM), as verified by PXRD, X-ray
photoelectron spectroscopy (XPS) and absorption. DFT
calculations show that the strongly Stokes shifted emission of
0D [(PEA)4SnBre][(PEA)Br]2[CClzHz]2 is a result of the strong
local structural distortion at the excited state, while delocalized
electronic states in 2D (PEA)2SnBrs should lead to a weaker
exciton binding, which lowers the radiative recombination
rate, and a higher exciton mobility, increasing the probability
for an exciton to encounter defects. Our findings reveal the
structure-property relationships and clarify the luminescence
mechanisms for low-dimensional phenylethylammonium tin
bromide hybrids.

Scheme 1. The synthesis of 0D and 2D phenylethylammonium
Sn bromide hybrids.
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As illustrated in Schemel and Figure S1a, single crystals of
0D and 2D tin bromide hybrids can be formed by controlling
the reaction conditions and ratios of reactants. Specifically, 0D

[(PEA)4SnBre][(PEA)Br]2[CCl2H2]2  single crystals were
synthesized by diffusing DCM into the mixture solution of N,N-
dimethylformamide (DMF) and acetonitrile containing SnBr2
and PEABr with the ratio of 1:4 in a N2-filled glovebox 2D
(PEA)2SnBr: single crystals were acquired by slowly cooling
down the heated HBr solution containing SnBrz and PEABr
with the ratio of 1:2, here extra H3POz was introduced to
prevent the oxidation of Sn(II). Single crystal structures were
determined using SCXRD and the corresponding bond distance
and angles are listed in table S1, S2 and S3. As show in Figurela,
0D [(PEA)4SnBre][(PEA)Br]z[CCl2Hz2]2 adopt a monoclinic
space group (Cc), where the isolated SnBre octahedrons are
surrounded by PEA cations, bromide ions, and DCM molecules.
This structure is analogous to our previously reported 0D
(C4N2H14Br)4SnBrs. The average Sn-Br bond distance (2.992 A)
in [(PEA)4SnBrs][(PEA)Br]2[CClzHz]2 is comparable to that in
(CaN2H14Br)aSnBre (3.042 A).22 Figure 1b shows the structure
of 2D (PEA)2SnBrg, similar to that of (PEA)2PbBr4,3* in which a
layer of corner-sharing SnBre octahedra is sandwiched
between layers of PEA cations with the average bond distance
of Sn-Br (3.003 A). The powder X-ray diffraction (PXRD)
patterns of 0D and 2D tin bromide hybrids display the same
features as the simulated patterns from SCXRD data (Figure
1c), suggesting the uniform crystal structure of as-prepared
phenylethylammonium tin bromide hybrids. The PXRD
patterns of 2D (PEA)2SnBrs show a periodic diffraction peaks
with regular spacings at 5.38°, 10.78°, 16.20°, 21.73°, 27.08°,
and 32.78°, which could be assigned to the (001), (002), (003)
(004), (005) and (006) lattice planes, similar to those of
previously reported 2D layered metal halide perovskites.23 24
The thermal stability and composition of these tin bromide
hybrids were further characterized by thermogravimetric
analysis, with results shown in Figure S2. It was found that
decomposition of 0D [(PEA)4SnBrs][(PEA)Br]2[CCl2Hz]2
started at around 50 °C and a 10% reduction of weight was
observed after the temperature reaching 120 °C. This weight
loss matches well with the mass ratio of DCM that could escape
from the crystal lattice during the heating process. 2D
(PEA)2SnBrs shows better thermal stability than 0D
[(PEA)4SnBrs][(PEA)Br]2[CClzHz2]2, without change of weight
until 210 oC.

Figure 2a shows the images of the 0D and 2D single crystals
under ambient light and UV lamp irradiation (365 nm). 0D



[(PEA)4SnBrs][(PEA)Br]2[CClzHz2]2 single crystals were
colorless under ambient light and become highly emissive
upon UV (365 nm) irradiation, whereas, 2D (PEA)2SnBr4 single
crystals were almost non-emissive under the same UV
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irradiation. Photophysical properties of 0D
[(PEA)4SnBrs][(PEA)Br]2[CClz2H2]2 and 2D (PEA)2SnBrs were
further characterized using UV-vis absorption spectroscopy, as
well as steady-state
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Figure 2. (a) The images of 0D (left) and 2D (right) under day light and UV light. (b) Absorption, excitation and emission of 0D and

2D.

photoluminescence spectroscopy. As shown in Figure 2b, 0D
[(PEA)4SnBrs][(PEA)Br]2[CClzHz]2 single crystals possess an
intense absorption peaked at 304 nm with a shoulder at around
330 nm. Upon uv irradiation, 0D
[(PEA)4SnBrs][(PEA)Br]2[CClzH2]2 single crystals exhibit a
strong emission peaked at 566 nm with a PLQE 0f 89.5% and a
long decay lifetime of 2.7 us (Figure S3) at room temperature.
This strongly Stokes shifted broadband emission with a full
width at half maximum (FWHM) of 112 nm is almost identical
to that of previous reported 0D (CsN2H14Br)4SnBrs, which
could be attributed to excited state structural distortion of
individual tin bromide octahedrons.!? In contrast, the emission
of 2D (PEA)2SnBr4 single crystals peaked at around 470 nm is
extremely weak with a PLQE of < 0.1%. A strong overlap
between the emission and absorption was observed, which is
not surprising as 2D layered metal halides often have
delocalized electronic states, favoring the formation of weakly
bound free excitons. These optical properties of 2D
(PEA)2SnBra4 are consistent with those reported by Lanzetta et
al.24 In addition, distinct excitation spectra were observed on
these two hybrids.

Unlike previously reported 0D organic tin bromide hybrids
with good stability, fresh 0D
[(PEA)4SnBrs][(PEA)Br]2[CClzHz]2 single crystals prepared
here are not stable, which could turn into non-emissive
powders after exposing in ambient conditions for several
minutes, as shown in Figure 3a. X-ray photoelectron
spectroscopy (XPS) was used to characterize the non-emissive
powders, with results shown in Figure S4. Pronounced shifts of
the binding energies of Sn3ds/2 and Sn3ds/2 were observed, as
compared to those of emissive 0D samples, suggesting changes
of coordination environments for Sn. More interestingly, the
non-emissive powders could return to emissive powders once
drops of DCM were introduced, as shown in Figure 3a (also see
procedure video in the Supporting Information). The change of
photophysical properties were monitored during the

transformation. As shown in Figure 3b. The fresh 0D
[(PEA)4SnBre][(PEA)Br]z[CCl2H2]2 samples had a strong
emission peaked at 566 nm with a PLQE of ~ 90 %, which was
quenched after drying for several minutes. Meanwhile, a new
weak emission emerged at around 470 nm with a PLQE of less
than 0.1%. Upon introducing DCM to the dried samples, the
emission at 566 nm re-emerged with a high PLQE of 85.3 %,
almost the same as that of fresh 0D
[(PEA)4SnBre][(PEA)Br]2[CCl2H2]2 samples. Similar
phenomenon was observed in UV-vis absorption as shown in
Figure 3b and Figure S5. We therefore suggest that a solvent-
induced structure transformation exists between 0D and 2D tin
bromide hybrids in the presence/absence of DCM, as shown in
Scheme S1.

To validate the reversible transformation between 0D and
2D hybrids, PXRD was performed. At the beginning, we chose
the powders of 0D to trace the transformation. As shown in
Figure S6, two group peaks belonging to 0D and 2D could be
observed in the pristine 0D powders. This is not surprising as
the 0D in the form of powder could transfer into 2D rapidly.
While the 0D patterns disappear completely after the sample
being exposed in ambient conditions for 10 mins, they could
reemerge once processed with DCM. To avoid the influence
from rapid escaping of solvent, PXRD was conducted on fresh
[(PEA)4SnBre][(PEA)Br]2[CClzHz]2 single crystals wrapped by
Paratone-N oil. As shown in Figure 3c. the diffraction patterns
of the 0D crystal are identical to those from simulation of
SCXRD results. After aging for 3 days, the diffraction patterns of
0D single crystals disappeared, and peaks for 2D (PEA)2SnBr4
and PEABr emerged. The diffraction patterns for 0D
[(PEA)4SnBrs] [(PEA)Br]2[CCl2Hz2]2 reappear upon dipping the
aged single crystals into DCM solution for several minutes. The
recovered peak intensities were weaker as compared to those
of fresh 0D [(PEA)4SnBre][(PEA)Br]2[CClzHz]2 single crystals,
which could be due to imperfect crystallization.



Density functional theory (DFT) calculations were
conducted on the 0D and 2D structures to gain a deeper insight
into the photophysics of the low dimensional tin bromide
hybrids. (see computational methods in Supporting
Information) As shown in Figure 4a, the electronic structure of
0D [(PEA)4SnBrs] [(PEA)Br]2[CCl2H2]2 displays small

dispersions for both valence and the conduction bands. The
valence band is derived from the antibonding orbital of Sn-5s
and Br-4p while the conduction band is made up of orbitals
from organic molecules and the anti-bonding orbital of Sn-5p
and Br-4p (see Figure 4c). The flatness of these bands suggests
that the electronic
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Figure 3. (a) lllustration of phase transformation between 0D and 2D (bottom to up) under UV light. (b) PL and absorption changes
during the transformation (bottom to up). (c) PXRD based on 0D single crystal (bottom to up).

states are highly localized and the intermolecular coupling is
negligible, therefore, there is nearly no electronic band
formation between SnBre. Thus, the photoluminescence should
result from individual SnBre. The band gap at the I' point,
calculated at the PBE level, is 3.11 eV, which is underestimated
due to the well-known band gap error in the PBE calculation.
Although the electronic states at the conduction band
minimum (CBM) are from organic molecules, the strong
coulomb binding leads to the localization of the exciton within
a SnBre molecule. The exciton wavefunction is similar to those
found in other 0D organic metal halides containing SnXs and
PbXe molecules (X = halogen ions).35.3¢ The hole is localized on
a SnBr4 plane while the electron is localized on the two vertical
Sn-Br bonds (see Figure S7). The hole centered at the Sn ion
contracts the four Sn-Br bonds due to the enhanced coulomb
attraction, reducing the average length of these four bonds
from 3.00 A to 2.77 A (a 7.6 % contraction). The electron
localization at the two vertical Sn-Br bonds increases their
average bond length from 3.04 A to 3.55 A (a 16.7% increase).
Such strong localization should lead to an efficient radiative
recombination of excitons. The calculated exciton emission
energy is 2.16 eV, compared to the peak energy of 2.19 eV in
the emission spectrum (Figure 2a). The excellent agreement
between the calculated and measured exciton emission
energies suggests that the observed yellow emission from 0D
[(PEA)4SnBre][(PEA)Br]2[CCl2H2]2 is due to the radiative
recombination of excitons localized at isolated SnBrs
molecules.

Compared to 0D [(PEA)4SnBre][(PEA)Br]2[CCl2Hz]2, the
calculated band structure of 2D (PEA)2SnBr4 shows much more
dispersive valence and conduction bands in directions lying on

SnBr4 planes (Figure 4b). The inter-layer electronic coupling is
weak as indicated by the flat bands along the I'-M line, which is
perpendicular to the SnBr4 plane. The valence and conduction
bands are made up of Sn-5s and Sn-5p orbitals hybridized with
Br-4p orbitals, respectively (Figure 4d). The calculated band
gap at the I' point is 1.67 eV by using the PBE functional red-
shift compared to 0D, which accords well with the absorption
of 0D and 2D hybrids. The reduced band gap in 2D (PEA)2SnBrs
as compared to that of OD[(PEA)4SnBre][(PEA)Br]2[CClz2Hz]2 is
caused by the more delocalized electronic states and,
consequently, wider conduction and valence bands in 2D Sn
bromide. The calculated electronic part of the static dielectric
constant [high-frequency dielectric constant ( &, )] of 2D
(PEA)2SnBr4 is 3.2, higher than that of 0D (PEA)4SnBre, which
is calculated to be 2.8; this is consistent with the smaller band
gap of the former. The lattice part of the static dielectric
constant is expected to be significantly larger in 2D
(PEA)2SnBrs than in 0D (PEA)4SnBre because the lattice
polarization is suppressed in a 0D compound without a
bonding network. Thus, compared to 0D (PEA)4SnBre, the
exciton binding in 2D (PEA)2SnBrsshould be weaker due to the
stronger dielectric screening and the mobility which in turn
increases the probability of an exciton
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Figure 4. Electronic band  structure of 0D
[(PEA)4SnBrs][(PEA)Br]2[CClzHz2]2 (a) and 2D (PEA)2SnBr4 (b).
Density of states (DOS) of [(PEA)4SnBrs][(PEA)Br]2[CClzHz]2
(c) and 2D (PEA)2SnBrs4 (d) calculated using PBE functionals.
Note that the band gap is underestimated due to the well-
known band gap error in the PBE calculation. The band
structure is calculated based on the primitive cell of structure.

small band gap. The weak exciton binding increases the exciton
encountering defects, leading to a higher nonradiative
recombination rate.35 This should contribute to the low PLQE
found in 2D (PEA)2SnBra.

In summary, we have successfully achieved synthetic control
of phenylethylammonium tin bromide hybrids with 0D and 2D
structures at the molecular level. Both 0D
[(PEA)4SnBrs][(PEA)Br]2[CClzHz]2 and 2D (PEA)2SnBra single
crystals could be prepared in high yield by reacting
phenylethylammonium bromide with tin bromide under
different reaction conditions. Their photophysical properties
have been fully characterized, with 0D
[(PEA)4SnBre][(PEA)Br]2[CClzHz]2 exhibiting strong yellow
emission with a long decay lifetime, and 2D (PEA)2SnBrs
displaying little-to-no emission at room temperature.
Reversible  transformation between 0D and 2D
phenylethylammonium tin bromide hybrids was realized in the
presence/absence of dichloromethane solvent. The electronic
structures of 0D and 2D phenylethylammonium tin bromide
hybrids have been investigated by DFT calculations, which help
to address the controversial results on luminescent low
dimensional organic tin bromide hybrids.

EXPERIMENTAL SECTION

Materials. Tin (II) bromide (99.7%), Phenylethylamine,
hydrobromic acid (48 wt% in H20) and, hypophosphorous acid
solution (H3POz, 50 wt. % in H20) were purchased from Sigma-
Aldrich. Dimethylformamide (DMF, 99.8 %), Dichloromethane
(DCM, 99.9%), Acetonitrile (CH3CN, 99.8%) was purchased
from VWR. All reagents and solvents were used without further
purification unless otherwise stated.

Synthesis of phenylethylammonium bromide (PEA)Br.
Phenylethylammonium bromide was prepared by adding
hydrobromic acid solution (1.74 ml, 154 mmol) into
Phenylethylamine (2.00 ml, 15.3 mmol) in 100 ml ethanol at
0 °C and stirring for 0.5 h. The white organic salts were
obtained (1.5 g) after filtration under vacuum, followed by

washing with a suitable amount of ethanol and ethyl ether. The
salts were dried and kept in a desiccator for future use.

Growth of 0D [(PEA)4SnBrs][(PEA)Br]z[CCIzHz]2 crystals.
SnBr; (2.0 mmol) and PEABr (8.0 mmol) were dissolved in the
mixture solution containing 1 ml DMF and 2 ml CH3CN and then
filtered into a small vial to form a clear precursor solution.
Then the small vial was putting in a big vial with 10 ml DCM
inside. Colorless block crystals could be afforded by leaving the
vial to stand for around 3 days. Yield ~ 58 %. All the procedures
were carried out in N2-filled glove box to prevent the oxidation
of Sn (1) to Sn (IV).

Growth of 2D (PEA)2SnBr4 crystals. SnBr2 (2.0 mmol) and
PEABr (4.0 mmol) was dissolved in a mixture of HBr (3 ml) and
H3PO2 (1 ml) solution by heating to 100 °C under constant
magnetic stirring and nitrogen flow for about 5 min. Then the
solution was left to slowly cool to room temperature to afford
yellow flake single crystals. The 2D (PEA)2SnBr;4 crystals were
washed with acetone and ethyl ether then dried under reduced
pressure. Yield ~ 88 %.

Single crystal X-ray diffraction (SCXRD). Single crystal X-ray
data for the 0D and 2D were collected using a Rigaku XtaLAB
Synergy-S diffractometer equipped with a HyPix-6000HE
Hybrid Photon Counting (HPC) detector and dual Mo and Cu
microfocus sealed X-ray source as well as a low-temperature
Oxford Cryosystem 800.

Powder X-ray diffraction (PXRD). The PXRD analysis was
performed on Panalytical X'PERT Pro Powder X-Ray
Diffractometer using Copper X-ray tube (standard) radiation at
a voltage of 40 kV and 40 mA, and X’Celerator RTMS detector.
The diffraction pattern S was scanned over the angular range
of 5-40 degree (20) with a step size of 0.02, at room
temperature.

PXRD based on powders: The powder of 0D was took out
from the mother liquid, loaded to the glass holder and
measured on Panalytical X'PERT Pro Powder X-Ray
Diffractometer using Copper X-ray tube (standard) radiation at
a voltage of 40 kV and 40 mA, and X’Celerator RTMS detector
at room temperature. After exposure in ambient condition for
20 mins, the white 0D powder become yellow, then this aged
0D was collected under the same condition. The white powder
could be reappeared once dipping several drops of DCM into
the yellow powder. And then the PXRD was collected on this
white powder.

PXRD based on single crystal: A selected single crystal of 0D
hybrids wrapped with paratone-N oil was fished by a cryoloop
and mounted to SCXRD machine equipped with an Oxford-
Diffraction Cryojet at the temeperature of100K. The data were
collected using a Rigaku XtaLAB Synergy-S diffractometer
equipped with a HyPix-6000HE Hybrid Photon Counting (HPC)
detector and Cu microfocus sealed X-ray source. Then take out
the single crystal and leave it to stand for 3 days at ambient
conditions, the aged sample was then collected with the same
condition. After that, the sample was dipped into DCM solution
for several minutes, and then collected the recovered sample
on Rigaku XtaLAB Synergy-S diffractometer.

Absorption spectrum measurements. Absorption spectra
were measured at room temperature on Cary 5000 UV-Vis-NIR
spectrophotometer. Specially, the absorption spectra of
original 0D and recovered 0D were recorded by dispersing



them into DCM solvent as they are very easy to transform into
2D without solvent. The absorption spectra of original 2D and
aged 0D were recorded by using powders of these materials.

Photoluminescence steady state studies. Steady-state
photoluminescence spectra of 0D and 2D were obtained at
room temperature on a FS5 spectrofluorometer (Edinburgh
Instruments).

Photoluminescence quantum Yield (PLQY). The PLQYs were
acquired using a Hamamatsu Quantaurus-QY Spectrometer
(Model C11347-11) equipped with a xenon lamp, integrated
sphere sample chamber and CCD detector. The PLQEs were
calculated by the equation: nQE=IS/(ER-ES), in which IS
represents the luminescence emission spectrum of the sample,
ER is the spectrum of the excitation light from the empty
integrated sphere (without the sample), and ES is the excitation
spectrum for exciting the sample.

Time-resolved photoluminescence. Time-Resolved
Emission data were collected at room temperature using the
FS5 spectrofluorometer. The dynamics of emission decay were
monitored by using the FS5’s time-correlated single-photon
counting capability with data collection for 10,000 counts.
Excitation was provided by an Edinburgh EPL-360 picosecond
pulsed diode laser. The average lifetime was obtained by
single-exponential fitting.

X-ray photoelectron spectroscopy (XPS). XPS
measurements were carried out using a ULVACPHI, Inc., PHI
5000 VersaProbe II. The survey XPS spectra were recorded
with a monochromatic Al Ka source using a 93.9 pass energy
and 0.8 eV per step. High-resolution spectra were recorded
using a 11.75 pass energy and 0.1 eV per step.

Thermogravimetric analysis (TGA). TGA was carried out
using a TA instruments Q50 TGA system. The samples were
heated from room temperature (around 22 °C) to 800 °C at a
rate of 5 °C min-%, under a nitrogen flux of 100 ml min-1.

[CCDC 1982253-1982254 contains the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.]
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